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ScienceDirectDevelopment of the mushroom bodies continues after adult
eclosion in social insects. Synapsins, phosphoproteins
abundant in presynaptic boutons, are not required for
development of the nervous system but have as their primary
function modulation of synaptic transmission. A monoclonal
antibody against a conserved region of Drosophila synapsin
labels synaptic structures called microglomeruli in the
mushroom bodies of adult social insects, permitting studies of
microglomerular volume, density, and number. The results point
to multiple forms of brain plasticity in social insects: age-based
and experience-based maturation that results in a decrease in
density coupled with an increase in volume of individual
microglomeruli in simultaneous operation with shorter term
changes in density produced by specific life experiences.
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Introduction: plasticity of the mushroom
bodies in adult social insects
The mushroom bodies (MB) of the insect brain are critical
structures for learning and memory, from simple associa-
tive learning to processing of information related to
complex stimuli [1,2,3,4,5]. The scaffolding of the
MB is provided by the axons and dendrites of intrinsic
neurons called Kenyon cells (Figure 1a,b). The brains of
all insects contain MB and Kenyon cells, but the MB of
social hymenopterans have attracted attention since the
mid-19th century because of their relatively large size [6].
Although it is now evident that the MB of many non-
social insects are also relatively massive [7], the well-
developed MB of the Euhymenoptera (bees, wasps, and
ants) continue to intrigue neurobiologists. The relation-
ship between MB structure and behavior can be analyzedwww.sciencedirect.com from a perspective of phylogenetic trends [6,7,8–10] or
from the neurobiological perspective of MB development
and plasticity during the lives of individual insects [11].
This review focuses on the neurobiological perspective.
Changes in the morphology of Kenyon cell dendritic
spines in association with orientation flights and foraging
in honey bees (Apis mellifera) provided early evidence of
MB plasticity [12,13]. In the 1990s, analyses based on the
Cavalieri Principle were used to estimate regional brain
volumes in honey bees. This method is used by stereol-
ogists to estimate volumes of irregularly-shaped objects
from cross-sectional areas [14]. When brains of honey bees
were compared using Cavalieri-based sampling, the MB
neuropils of foragers were found to be larger than those of
younger bees [15]; other laboratories confirmed this result
[16,17]. Studies based on neuropil volume identified fac-
tors associated with MB plasticity in social insects: age
[18], foraging experience [19], social aggression [20,21],
and muscarinic receptor activation [19].
Volume-based approaches suggested that developmental
processes remain active in adult social insects. In honey
bees, neurogenesis does not occur in the adult MB
[22,23]. Golgi studies, however, confirmed that growth
of Kenyon cell dendrites occurs in adult honey bees
[24,25] and the paper wasp Polybia aequatorialis [26].
The dendrites of the Kenyon cells form the calyces of
the MB neuropil (singular, calyx). Social hymenopterans
have four calyces (Figure 1a). The primary inputs to the
calyces are from sensory neuropils (Figure 1b) [11]. The
blend of information about the sensory world integrated
in the MB varies across taxa: in some, projections arise
almost exclusively from the antennal lobes; in others,
optic lobe inputs are abundant [6]. Social hymenopterans
are notable for having extensive direct visual input to the
MB calyces [7,27]. Each hymenopteran calyx contains lip
(antennal lobe inputs), collar (optic lobe inputs), and basal
ring (mix of antennal and optic lobe inputs) subdivisions
[27]. Insect neuropils are famously complex, and many of
the tools used to analyze them — Golgi labeling, electron
microscopy — are labor-intensive and difficult to com-
bine with other techniques. After a decade of studies, the
study of MB plasticity in social hymenopterans would
likely have experienced a lull without the timely intro-
duction of synapsin immunolabeling [28].
Synapsin
Synapsin immunolabeling is a marker for microglomeruli
Synapsins are phosphoproteins localized in presynaptic
boutons. They are substrates for cAMP-dependentCurrent Opinion in Insect Science 2016, 18:27–34
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Schematic depictions of the mushroom bodies (MB) and calycal microglomeruli of the honey bee brain. (a) Transverse section through the central
brain showing the position of the MB (blue). A representative Kenyon cell (red) illustrates the typical location of Kenyon cell somata, dendrites, and
bifurcated axons. (b) Transverse section showing the major divisions of the MB neuropil, indicating the positions of the lateral and medial calyces
and the subdivision of the MB calyces into distinct lip (L), collar (C), and basal ring (BR) regions. The medial (M) and vertical (V) lobes formed by
the axon terminals of the Kenyon cells and their synaptic partners are also shown. (c) Simplified schematic depiction of a calycal microglomerulus,
based upon ultrastructural images of microglomeruli. The central region represents a projection neuron bouton (green). The central region of the
bouton is typically occupied by mitochondria (gray). The small circles represent synaptic vesicles. Synapsin protein is abundant in the projection
neuron bouton, where it functions to modulate the release of neurotransmitter from synaptic vesicles. The bouton is surrounded by Kenyon cell
dendrites (pink), which receives synapses from the projection neuron bouton. The arrows indicate some of the synapses that are present, which
are recognizable because of the evident post-synaptic density. Scale bar, 0.5 mm. Drawing based upon a published electron micrograph (Figure 3,
Panel F [28]). (d) Highly simplified 2-D representation of a microglomerulus showing a projection neuron bouton containing synaptic vesicles
surrounded by Kenyon cell dendrites. At the confocal microscope, synapsin immunolabeling reveals the bouton and phalloidin indicates the
presence of f-actin rich dendritic structures. See text for further details.protein kinases [29] and modulate neurotransmitter re-
lease by reversibly attaching synaptic vesicles to actin
[30,31]. A single gene encoding synapsin is present in
all metazoans with a nervous system, with the exception
of vertebrates, which have either two or three synapsin
genes [30,32]. Synapsins have multiple phosphorylation
sites, and neurotransmitter release is inhibited or facili-
tated depending on the phosphorylation of specific sites
[30]. The discovery of mammalian synapsins [33] was
followed by cloning of the homologous Drosophila gene
[34]. In the course of this study, the mouse monoclonal
antibody anti-SYNORF1 was generated against a fusionCurrent Opinion in Insect Science 2016, 18:27–34 protein. Application of anti-SYNORF1 to Drosophila tis-
sues produced immunolabeling of boutons [34], match-
ing the presynaptic distribution of synapsins in mammals
[33]. The SYNORF1 antibody recognizes the sequence
LFGGMEVCGL in the conserved C domain of Drosophila
synapsin found in multiple synapsin isoforms, and pro-
duces no signal in null mutants [35].
Function of synapsin in development and plasticity
Triple knockout mice lacking all synapsins displayed
normal brain structure and a typical number of synapses,
suggesting only a modest role for synapsin in developmentwww.sciencedirect.com
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A single optical section through the dense collar region of the left
medial MB calyx of the mushroom bodies of a newly emerged worker
honey bee showing numerous microglomeruli. Projection neuron
boutons (green) were immunolabeled with anti-SYNORF1 and Kenyon
cell dendrites (magenta) were labeled with phalloidin. The central
bouton is surrounded by a halo of dendritic profiles too small to be
resolved using standard one-photon confocal microscopy, but
individual microglomeruli are easily counted within a specified area or
volume. The central area of the bouton is often darker than the bright
periphery as a result of the presence of mitochondria in the central
region. Scale bar, 2 mm.[36]. The major phenotype of synapsin knockout mice was
mild epileptic seizures [36]. Drosophila null mutants dis-
played normal brain structure and normal basic synaptic
function [35]. Mutant flies did not have seizures, but
displayed impaired performance on standard learning
and memory tests, suggesting an influence of synapsin
on the MB [35]. A requirement for synapsin in the MB
while learning an olfactory association was demonstrated
in Drosophila larvae [30,37], and normal performance on
olfactory association learning in adults was restored by
driving synapsin expression with the Kenyon cell-specific
mb-247-Gal4 driver [38].
Use of anti-SYNORF1 as a marker
Despite indications from Drosophila studies that synapsin
is critical for MB-dependent outputs [30,37,38], the cur-
rent significance of synapsin in social insect neurobiology
focuses instead on MB inputs. Anti-SYNORF1 can be used
to mark the characteristic synaptic structure of the MB
calyces, the microglomerulus. A presynaptic bouton forms
the core of each microglomerulus (Figure 1c,d). The
bouton is encircled by dendritic spines; smaller boutons
may also be present. The central bouton represents a
cholinergic projection from the antennal or optic lobes;
the smaller boutons are likely GABAergic or octopami-
nergic. Initial descriptions of microglomeruli were based
on ultrastructure [39,40], but analyses based on confocal
microscopy now dominate studies of MB plasticity in adult
social insects because microglomeruli can be efficiently
visualized using anti-SYNORF1 (Figure 2).
A study by Frambach and colleagues [28] combined
phalloidin with anti-SYNORF1 immunolabeling to pro-
duce images of microglomeruli in vibrating microtome
sections of cricket calyces. Anti-SYNORF1 labeled the
central bouton in each microglomerulus; phalloidin,
which binds to f-actin, produced a ring of fluorescence
around the bouton. This study included a small number
of honey bee and ant brains that yielded similar results,
indicating the applicability of this method to insects in
general and to the large MB calyces of social insects in
particular [28]. Presciently, these investigators specu-
lated that the microglomeruli were likely sites of brain
plasticity, writing ‘The fact that f-actin is accumulated in
the dendritic spines of [Kenyon cells] in the MB calyx
may indicate the calyx [microglomeruli] represent sites of
high synaptic and structural plasticity’ ([28], p. 313).
Another 2004 study used this method to explore temper-
ature-sensitivity of MB development in honey bees [41].
This study is notable because it was the first to quantify
experimentally-induced changes in microglomeruli. The
density of microglomeruli was measured using optical
sections through the midpoint of the brain at which
the calyces are most developed by manual counting of
microglomerular profiles in sampling regions; cross-sec-
tional areas were used to estimate the volume of the lip
and collar, so that the number of microglomeruli could bewww.sciencedirect.com calculated; separate counts were made of microglomeruli
in the lip and collar [41]. The highest and lowest rearing
temperatures did not alter density of microglomeruli in
the lip or collar on the 1st and 7th day of adult life, but the
product of density and estimated area revealed a peak in
estimated number of lip microglomeruli at 34.5 8C. The
average lip microglomerular profile was largest at 34.5 8C,
but temperature did not alter the size of collar micro-
glomeruli. The 7 day old bees in this study were from a
group of bees tested for their ability to remember an
association between an odor and a sugar reward after a
single training trial [42], but no correlation was attempted
between brain structure and individual performance on
the memory tests. The 2004 studies [28,41] delineated
two important uses of anti-SYNORF1: as a general mark-
er for brain organization in insects and other arthropods
[43–49] and as a tool for quantitative investigations of MB
plasticity in social insects [50,51,52,53,54,55,
56,57,58].Current Opinion in Insect Science 2016, 18:27–34
30 NeuroscienceAge-based changes in calycal microglomeruli
A study of temperature on pupal development in honey
bee queens contained the first descriptions of age-based
changes in calycal microglomeruli in a social insect brain
[58]. Density and number of microglomeruli were esti-
mated for young and old queens. Density of microglo-
meruli in the lip was not correlated with age, but neuropil
volume was larger in older queens, resulting in an age-
related increase in estimated number of microglomeruli.
By contrast, there was a negative correlation of collar
microglomerular density with age but no trend for vol-
ume, suggesting different influences on the visual and
olfactory regions of the calyces. A subsequent comparison
of workers reared in field colonies or a greenhouse
revealed that age and differences in rearing environment
were associated with subtle alterations in calycal micro-
glomeruli [53].
A 2012 study tackled age-dependency of microglomerular
plasticity in anti-SYNORF1-immunolabeled whole hon-
ey bee brains as part of a study that also used serial section
electron microscopy [51]. Subjects were one-day-old
workers and 35-day-old pollen foragers. The use of whole
brains permitted estimation of the volume of the lip and
collar subdivisions in an entire calyx as opposed to within
a section. As predicted by Cavalieri-based studies, the
volume of the calycal subdivisions was larger in foragers
than in 1-day-olds [15,19]. Microglomerular density was
decreased in the lip and collar of the foragers. The
combination of volume and density measurements
yielded a significantly lower estimated number of micro-
glomeruli in the lip in the older bees but not in the collar,
with the increase in volume compensating for a decrease
in density from an average of 97 to 66 microglomeruli per
1000 mm3. These changes, plus the results of the ultra-
structural studies led the authors to conclude that ‘syn-
aptic changes in the calycal microcircuits. . .promote
behavioral plasticity underlying polyethism and social
organization in honey bee colonies’ ([51], p. 3509).
The design of this study, however, did not permit assess-
ment of the causes or consequences of these changes. A
subsequent study sampled adult worker honey bees at
different ages to produce a profile of calycal maturation
[54]. An increase in the volume of the lip and collar was
detectable between 1 and 7 days of age, while the
decrease in density was detectable between 7 and 32 days
of age [54]. This study demonstrated that microglomer-
ular density can be used as an indicator of maturation of
the calyces in worker honey bees.
Light-based changes in calycal microglomeruli
Studies of calycal maturation in the North African desert
ant Cataglyphis bicolor revealed that density of collar
microglomeruli was lower in older interior workers and
foragers compared with newly-emerged workers (cal-
lows), and that dark-reared ants had a higher density of
microglomeruli than age-matched foragers [55]. As aCurrent Opinion in Insect Science 2016, 18:27–34 follow-up, dark-reared ants were exposed to light at
different times in adult life: as callows, at 6 months of
age, or as 12-month-olds [55]. All groups were exposed
to artificial sunlight for 5 periods per day of 45 min for
4 consecutive days. Comparison of estimated number of
collar microglomeruli in light-exposed groups with age-
matched dark controls revealed that exposure to light was
associated with a reduction in number of collar micro-
glomeruli in callows and at 6 months of age but not in the
oldest ants studied; light-associated changes were not
observed in the lip, which does not receive inputs from
the optic lobes [55]. These results suggested that the
intermittent light exposure drives synaptic maturation in
the collar. Foragers switched from light to darkness
produced provocative data: there was no change in num-
ber of microglomeruli in the visual collar, whereas there
were changes in the olfactory lip [56], suggesting that
light may have a general effect on worker physiology that
in turn causes brain plasticity. The collar of the switched
foragers did display reduced intensity of fluorescent sig-
nal in the collar, suggesting that less synapsin was present.
These fascinating results await confirmation in other ant
species. Studies of microglomerular density in honey bee
workers supported the hypothesis that light is a driver of
plasticity in the MB collar [57].
Correlation of microglomerular attributes with
behavioral performance
Synaptic reorganization in the MB calyces is often as-
sumed to be required for the complex behaviors per-
formed by social insects, yet studies correlating
microglomerular measures with performance are rare.
No studies have attempted to predict behavior on the
basis of individual differences in calycal microglomeruli,
despite a valiant effort to induce precocious foraging in
ants exposed prematurely to light (all but one of the
young light-treated subjects died within two weeks of
light exposure without displaying precocious foraging)
[56]. At a group level, changes in microglomerular density
in the calyces were studied in 7-day-old worker honey
bees conditioned to associate a specific odor with a sugar
reward using the proboscis extension reflex [52]. After
5 trials, subjects remained harnessed in the laboratory for
3 days, and were then tested for their responses to the
learned odor and a novel odor. Immediately after the
memory test, the brains of bees that had shown a selective
response (proboscis extension to the learned odor but not
to the novel odor) were processed with anti-SYNORF1, as
were the brains of control bees that did not respond to
either odor, naı¨ve bees, and bees exposed to the pairing
but treated with an RNA-synthesis inhibitor 3 h after
training. There was an increase in microglomerular den-
sity in the lip but not the collar region of bees that had
shown the selective response; a separate analysis of MB
subdivision volumes revealed no differences in compara-
ble groups of bees [52]. These results are exciting, but it
is unclear if the increase in microglomerular densitywww.sciencedirect.com
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trace. It would have been extremely interesting to com-
pare microglomerular density in the brains of conditioned
bees that gave a selective response and the brains of bees
that received the same training but did not show (via
proboscis extension) that a memory had been formed.
Nevertheless, this is a landmark study because it indi-
cates how a subtle change in synaptic organization can be
detected against the clean background of an extremely
restricted environment. It is easy to imagine that, if the
subjects had spent the 72 h between conditioning and
morphological analysis in a more enriched environment,
any signal produced by the small number of conditioning
trials would have been obscured.
Anti-SYNORF1 immunolabeling was used to determine
microglomerular density in the lip of leaf-cutter ant
workers (Acromyrmex ambiguous) maintained in a labora-
tory colony [50]. The only age-associated change
detected was in the non-dense portion of the lip neuropil.
Microglomerular density increased significantly during
the first month of adult life [50]. These investigators
also compared microglomerular density in the lip of ants
exposed to a single plant or to 10 plants. Density in the
non-dense lip was lower in the 10-plant group; a similar
decrease was not evident in a separate group of ants
switched from one type of leaf to another [50]. A third
experiment compared ants foraging on cycloheximide-
treated and untreated leaves of different species. Cyclo-
heximide is damaging to the ants’ symbiotic fungi, but at
low concentrations is not harmful to ants. After exposure
to treated and untreated leaves, preference tests asked if
workers avoided leaves of the treated species; their brains
were then processed with anti-SYNORF1. The main
result was an increase of microglomerular density in
the non-dense portion of the lip, evident 2 days after
exposure to treated leaves and coincident with a de-
creased preference for the treated leaf species. The
change in the lip, however, was temporary, as it was
reversed 15 days after contact with the cycloheximide-
treated leaves, even though ants continued to avoid
leaves of the treated species [50]. Although these stud-
ies [50,52] are very different, a common theme
emerges that short-term changes in microglomerular den-
sity can occur without changes in overall neuropil volume.
The leaf-cutter ant study [50] suggests the changes
observed using conditioning of proboscis extension
may be reversible [52], and that pruning of boutons
may follow increases in density.
Use of synapsin-based methods to study sublethal
effects of environmental contaminants
Sublethal exposure to pesticides alters pollinator behavior
[59–62], and many widely-used pesticides are neuroactive
compounds. Synapsin-immunoreactivity can be used to
ask if sublethal exposure to pesticides alters MB struc-
ture. It is possible that pesticides have direct actions onwww.sciencedirect.com projection neurons and Kenyon cells; it is also possible
that pesticides alter the capacity for behavioral plasticity
by reducing the capacity of synapses to respond to expe-
rience [63]. No studies have tested the latter possibility in
insects, and surprisingly few have investigated the impact
of pesticides on microglomeruli. Exposure of leaf-cutter
ants (Atta sexdens rubropilosa) to sublethal doses of the
pesticide fipronil, a GABA receptor blocker, appeared to
increase the intensity of anti-synapsin immunofluores-
cence in the MB neuropil, although the anatomical
boundaries of the altered expression are difficult to assess
from the published figures [64]. Honey bee larvae ex-
posed for 4 days to sublethal doses of the neonicotinoid
imidacloprid were assessed as adults using anti-
SYNORF1 [65]. This study is notable because automated
image analysis software was used to detect microglomer-
uli, not human observers, permitting data to be collected
from all four calyces in a large number of bees. A basic
profile was determined for untreated workers of various
ages. The large number of results and correspondingly
large number of comparisons somewhat obscure the sub-
tle effects of the pesticide treatments. The main finding is
that density of microglomeruli in the calycal neuropils
tended to decrease with increasing imidacloprid, although
significant differences were only reliably seen at the
highest dose (500 ppb). Baseline data on untreated for-
agers contrasts with previous findings showing that ma-
ture foragers have a lower density of microglomeruli than
younger bees.
Progress and prospects
Despite a growing number of studies using anti-
SYNORF1 for quantitative analysis of the MB calyces
of social insects, the hope that this technique might
contribute to a greater understanding of the function of
MB plasticity has not been fulfilled. None of the chal-
lenges described in this section poses an insurmountable
barrier to progress, but each requires attention.
Challenge 1. Lack of standard methods for tissue prepa-
ration, image acquisition, and image analysis. The first
anti-SYNORF1-based analyses of the calyces of social
insects used thick vibrating microtome sections, a good
choice for studies of relatively large insect brains because
sections improve penetration of reagents, reducing (but
not eliminating) problems of weak signal away from the
brain surface [66]. Studies in whole brains are less labor-
intensive, but signal in the thickest regions of whole
mounts will be diminished. The use of fixatives contain-
ing zinc [47] partially addresses this problem, but varia-
tion in signal intensity is a problem rarely accounted for in
whole brain studies. Reagent penetration is less of a
problem in smaller insects such as ants, but studies in
ants face the challenge of accurately compensating for the
range of worker body sizes, while researchers working
with honey bees can assume their subjects are monomor-
phic. Reconstruction of volumes of different subdivisionsCurrent Opinion in Insect Science 2016, 18:27–34
32 Neuroscienceof the calyces is more efficient and likely to provide a
truer estimate when based on z-stacks collected through
whole brains versus reconstructions based on interpola-
tion from optical sections. Volume estimates are required
for estimation of number of microglomeruli. The current
literature is confusing because some estimates of number
are based on volume of a single optical section and others
are based on total volume of the entire subdivision. The
latter are not necessarily superior because density is
typically sampled so locally that estimating total number
requires faith in the homogeneity of the calyxes, faith that
may or may not be warranted. It should also be noted that
recent publications have more or less abandoned the
phalloidin label. Use of anti-SYNORF1 without phalloi-
din is sufficient for well-studied species such as honey
bees, but given that species differences in microglomer-
ular structure have been documented [44], researchers
using new species will benefit from double-labeling to
ensure that their definition of a microglomerulus is clear
and consistent.
Challenge 2. The small number of studies that combine
behavioral and neuroanatomical analyses. The most ex-
citing studies of MB plasticity have combined manip-
ulations of experience with quantitative morphological
analyses. These studies require creativity, careful tim-
ing, and in light of the sensitivity of the MB to condi-
tions of rearing, highly controlled environments. We
admire studies combining morphology and assessment
of behavioral performance [50,52] and wish there
were more like them. It will also be of interest to take
advantage of individual differences in the synaptic
organization of the calyxes produced by the vicissitudes
of life in natural environments, and test the behavioral
capacities of individuals before morphological analysis.
Studies of effects of environmental contaminants on the
MB will gain interpretive power by inclusion of behav-
ioral assays.
Challenge 3. The resolving power of the confocal micro-
scopes now in general use. The issue of light scattering in
biological tissues is rarely considered in studies of calycal
microglomeruli, although it has been estimated that
single-photon microscopy only provides optical transmis-
sion of information from 50 to 100 mm below a brain (or
brain section) surface [67]. Even when excellent pene-
tration of reagents is achieved, we can only see what the
resolving power of our microscopes permits us to see,
especially away from the tissue surface. Those interested
in resolving sub-micrometer synaptic structures using
immunofluorescence must be careful not to trust too
much in images produced by currently available laser
scanning confocal microscopes unless techniques such as
multiphoton laser scanning microscopy or special tissue
clearing agents are used [68,69,70]. Even in these cases,
optical conditions must be optimal to achieve consistent-
ly good resolution.Current Opinion in Insect Science 2016, 18:27–34 Use of synapsin as a marker for plasticity during
development and in adult social insects
It is often assumed that plasticity in adults reflects con-
tinued operation of developmental processes, albeit with
shifts in relative importance (neurogenesis and formation
of tracts reduced or absent, synapse formation and prun-
ing ongoing). Given its apparently minor role in early
development of the nervous system in insects, synapsin
and its ability to fine tune neurotransmitter release may
be a rare example of a factor more relevant for postem-
bryonic (including adult) plasticity than development.
Studies of adult social insects based on marking calycal
microglomeruli with anti-SYNORF1 have already dem-
onstrated the subtle effects of environmental cues, sen-
sory inputs, experience, and xenobiotics on the MB.
Because this tool can be used both to describe species-
typical patterns of calycal microglomeruli and to explore
individual differences, it is likely to remain informative in
the near future as confocal microscopy improves in spatial
resolution [71,72] and progress continues in tissue clear-
ing [69,70,73]. Researchers using the powerful tools
available for genetic transformation of Drosophila may
not be dazzled, but studies using anti-SYNORF1 as a
marker to probe the brains of social insects reflect an
interesting contemporary chapter in a vibrant tradition of
comparative research on insect brain development and
plasticity.
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